Microbial rhodopsins convert light into chemiosmotic energy or cellular signals (1, 2) . The primary reaction is all-trans to 13-cis photoisomerization of the retinal chromophore, and light energy is stored through altered chromophore-protein interaction (2, 3) . Such energy is subsequently consumed by changing the protein structures, and ion pumping or transducer activation is achieved in lightenergy or signal conversions, respectively. It is well-known that retinal isomerization in the protein is a selective and efficient reaction along the potential surface of the excited state in rhodopsins (2, 3) . One of the characteristics of the photoisomerization is that the reaction occurs even at low temperatures. Since the protein motion is restricted at low temperatures, the structure of the retinal binding site is hardly altered. X-ray crystallography indeed showed little change in the retinal pocket in the primary K intermediate of bacteriorhodopsin (BR), 1 a light-driven proton pump (4-6), and pharaonis sensory rhodopsin II (SRII, also called phoborhodopsin) (7) , a light sensor for negative phototaxis, in measurements at 100 K. Prior to protein structural changes, the isomerized chromophore therefore has a distorted structure, by which light energy is stored.
How are such structural constraints observed experimentally? Current X-ray crystallographic structures of photointermediates are not sufficiently resolved for constructing the detailed structure of the retinal chromophore. In fact, the retinal structure is considerably different among three X-ray structures for the K intermediate of BR (4) (5) (6) . The distorted retinal chromophore has been best investigated through vibrational analysis particularly on the hydrogen out-of-plane (HOOP) wagging vibrations in the 1000-800 cm -1 region (8) . Previous resonance Raman spectroscopy of rhodopsins successfully detected enhanced HOOP vibrations in their primary intermediates, and they were interpreted in terms of the origin of the chromophore distortion (8) . Similar enhanced HOOP modes were also observed for infrared bands. Thus, it is generally accepted that HOOP vibrations are a good probe of chromophore distortion in rhodopsins.pocket (9) . In that study, all seven monodeuterated all-trans retinal analogues (positions 7, 8, [10] [11] [12] 14 , and 15) were synthesized and incorporated into SRII (Figure 1a ). The FTIR measurements at 77 K revealed that only the C 14 -D stretching vibration at 2244 cm -1 is significantly enhanced upon formation of the K state. We interpreted that the steric constraint occurs at the C 14 D group in SRII K , where rotation of the C 13 dC 14 bond probably leads to the movement of the C 14 D group (9) . It is noted that SRII K exhibits various HOOP vibrations, suggesting that the chromophore is widely distorted along the polyene chain (10) . In contrast to the HOOP bands, the C-D stretching vibration was specific for the C 14 group of SRII K (9) . This fact implies that the C-D stretch provides structural information about the direct contact of the C 14 deuterium (hydrogen) with surroundings.
The counterpart of the C 14 D group in SRII K is of interest. According to the X-ray structure of SRII (11), the distance from the C 14 atom to the phenol oxygen of Tyr174 is 4.0 Å, to the hydroxyl oxygen of Thr204 is 4.4 Å, and to the hydroxyl oxygen of Thr79 is 4.3 Å (Figure 1b) . The structure of SRII K shows that only the distance to Thr204 is significantly reduced, from 4.4 to 3.3 Å, by retinal photoisomerization (7, 11) . This result suggested that Thr204 may be the counterpart of the C 14 D group (9) . Interestingly, the functional importance of Thr204 has been emphasized by three articles after the report in 2005. Phototaxis function was lost in the mutants of Thr204 or Tyr174, suggesting the biological significance of the hydrogen bond between them (12). Sudo and Spudich successfully engineered BR into an SRII-like light sensor by only three residue replacements, threonine at SRII position 204 (Ala215 in BR) being the most critical (13) . FTIR measurements of the triple mutant BR (BR-T) revealed a frequency shift only in the complex with the transducer protein, which can be ascribed to an O-H stretch of Thr215 which is the case for Thr204 of SRII (14) . Thus, a crucial role of Thr204 is evident for light-signal transduction in SRII. Here we report that the C 14 D group indeed interacts with Thr204 in SRII K by use of several mutant proteins. Such interaction was newly observed for the K state of the light-sensing BR-T, but not for the wild-type BR. Positive correlation between the vibrational amplitudes in the K state and phototaxis responses strongly suggests that the steric constraint between the C 14 group of retinal and Thr204 of the protein is crucial for the activation of the transducer protein.
MATERIALS AND METHODS
Preparation of the SRII Samples. The wild-type and mutant proteins of SRII from Natronomonas pharaonis were prepared as described previously (15) (16) (17) . Briefly, the SRII protein with a histidine tag at the C-terminus was expressed in Escherichia coli, solubilized with 1.5% n-dodecyl -Dmaltoside, and purified by Ni column chromatography. The SRII samples with retinal deuterated at C 14 ( Figure 1) were produced by adding all-trans-retinal (1 µM) labeled at C14 position to the E. coli culture instead of unlabeled all-transretinal (12) . The purified SRII sample was then reconstituted into L-R-phosphatidylcholine (PC) liposomes by the removal of the detergent with Biobeads, where the molar ratio of the added PC to SRII was 50:1. The samples of SRII in PC liposomes were finally washed twice [2 mM phosphate buffer (pH 7.0)] for the FTIR measurements.
Preparation of the BR Samples. The wild-type and triple mutant [P200T/V210Y/A215T (BR-T)] proteins of BR were expressed in Halobacterium salinarum Pho81Wr -cells as described previously (13) . The purified purple membrane suspension was used for the FTIR measurements of the unlabeled retinal (18) . On the other hand, the C 14 D-labeled retinal was incorporated as follows. Two molar hydroxylamine (pH 7.0) was added to the purple membrane pellet. The sample was kept at room temperature and light through a cutoff filter (Y-52, >500 nm) focused onto the stirred sample. The suspension became colorless after 1.5 h, and the membrane was centrifuged and washed with 50 mM phosphate buffer (pH 7.0, 200 mM NaCl) five times to remove any residual traces of hydroxylamine that could interfere with the reconstitution reaction. The membrane was finally resuspended with 50 mM phosphate buffer (pH 7.0, 200 mM NaCl). C 14 D-labeled retinal in an ethanolic solution was added stepwise to the membrane suspension at room temperature. The reconstitution efficiency was >75% for both BR and BR-T. The BR and BR-T samples were finally washed twice [2 mM phosphate buffer (pH 7.0)] for the FTIR measurements.
FTIR Spectroscopy. FTIR spectroscopy was performed as described previously (19, 20) . Ninety microliters of the SRII sample was dried on a BaF 2 window with a diameter of 18 mm. The dry film was then rehydrated by putting an ∼1 µL drop of water beside the film and sealing with another window and a silicon rubber O-ring (19, 20) . After hydration, the sample was placed in a cell, which was mounted in an Oxford DN-1704 cryostat placed in the Bio-Rad FTS-40 spectrometer. All spectra were measured with 2 cm -1 resolution. The SRII K minus SRII difference spectra were measured as follows (20) . Illumination of the SRII film at pH 7 with 450 nm light at 77 K for 2 min converted SRII to SRII K , and subsequent illumination with >560 nm light reverted SRII K to SRII. On the other hand, BR and BR-T were illuminated at 500 nm (2 min) and >640 nm (60 s) for formation and reversion of the K state, respectively (14) . The difference spectrum was calculated from spectra constructed with 128 interferograms collected before and after the illumination, and sixteen spectra obtained in this way were averaged for the difference spectra except for that of Y174F. In the case of Y174F, the spectrum for photoreversion of SRII K to SRII was not a mirror image of the SRII K minus SRII spectrum (i.e., the forward photoreaction). Since Tyr174 is located next to the retinal chromophore, the Y-to-F mutation must modify the local environment, leading to an unusual photoconvesion. While the detailed mechanism remains unclear, eight spectra independently obtained by illumination with 450 nm light were averaged to produce the SRII K minus SRII spectrum of Y174F in this study.
Phototaxis Analysis. Phototaxis responses were measured as swimming reversal frequency changes of cell populations in response to photostimulus as described previously (12, 21) . Swimming reversals were measured by stimulus-induced effects on the ratio of rate of change of direction (RCD) to speed (SPD) by computer-assisted motion analysis of individual cell tracks. The software used for the analysis system was Celltrack 1.2 Beta (Motion Analysis Corp., Santa Clara, CA); 200-2500 cells were assayed for each trace ( Figure 4 ). Maximal stimuli from a 100 W Hg lamp through a heat filter and 40 nm band-pass interference filters delivered through microscope optics were as follows: 100 ms, 500 nm stimulus for wild-type SRII and SRII mutants; 100 ms, 580 nm stimulus for wild-type BR; and 100 ms, 550 nm stimulus for BR-T (13). The HtrII transducer protein that forms a complex with rhodopsin is from N. pharaonis in this study except for the measurements of BR and BR-T, where H. salinarum HtrII was used (13) . The expression levels calculated from amplitudes of the pigments' main absorption bands in the visible spectrum for SRII-HtrII, BR-T-HtrII, T204A-HtrII, T204S-HtrII, T204C-HtrII, Y174F-HtrII, T79A-HtrII, N105D-HtrII, and BR-HtrII complexes in transformants used in this study were all similar, namely, 
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C-D Stretching Vibrations of the Retinal in SRII K of Mutants Show the Steric Constraint of the C 14 Atom and
Thr204. Figure 2A shows the SRII K minus SRII difference spectra of the wild type (a) and several mutants (b-g) in the C-D stretching region. As reported previously (9) , the spectra of wild-type SRII exhibit a strong positive peak at 2244 cm -1 for the C 14 D-labeled retinal (solid line in part a of Figure 2A ), but not for the unlabeled retinal (dotted line in part a of Figure 2A ). Such a C-D stretch was unique for the C 14 D group, and no peaks were observed for the C 7 D, C 8 D, C 10 D, C 11 D, C 12 D, and C 15 D groups (9) . The lack of a corresponding negative peak suggests that the C 14 -D stretch for SRII is much smaller in amplitude than in SRII K . Thus, it is likely that only the C 14 -D stretching vibration is greatly enhanced upon retinal photoisomerization of SRII, and we interpreted that the enhanced C-D stretch originates from the steric constraint with the surrounding protein moiety.
Then, we tested several mutant proteins. The SRII K minus SRII difference spectra in the 1800-800 cm -1 region show that retinal photoisomerization takes place in all mutants as in the wild type ( Figure S1 of the Supporting Information). Spectra b-d of Figure 2A show that the positive band completely disappears for the mutant of Thr204, implying that the counterpart of the steric interaction of the C 14 D group is Thr204. Spectrum e of Figure 2A shows that the positive band is significantly reduced in intensity also in the Y174F mutant. Since Tyr174 forms a hydrogen bond with Thr204 in SRII, the lack of a hydrogen bond in the Y174F mutant may influence the steric interaction between the C 14 group and Thr204. In other words, these results strongly suggest that the counterpart of the C 14 D group is Thr204, not Tyr174. This is consistent with the X-ray structures of SRII and SRII K , where the distance from the C 14 atom changes from only 4.0 to 3.9 Å for the phenol oxygen of Tyr174, and a larger change from 4.4 Å to 3.3 Å occurs for the hydroxyl oxygen of Thr204 (7, 11) . It also should be noted that the peak frequency is upshifted to 2251 cm -1 for Y174F, and the broadened band implies conformational heterogeneity for the C 14 D group (spectrum e of Figure 2A ). The positive peak was preserved but considerably reduced in magnitude for T79A (spectrum f of Figure 2A ), whose peak frequency was slightly upshifted (2246 cm -1 ). In contrast, the positive band looks identical for N105D (spectrum g of Figure 2A ), although the peak intensity was slightly reduced.
Hydrogen Out-Of-Plane (HOOP) Vibrations of the Retinal in SRII K of Mutants Show the Steric Constraint of the C 14
Atom and Thr204. HOOP vibrations are also regarded as the probe of the distortion of the retinal chromophore (8) . Therefore, if the steric constraint occurs at the C 14 group, the C 14 -HOOP mode should also be influenced. We previously identified the positive band at 864 cm -1 as the C 14 -HOOP mode, because the 864 cm -1 band disappeared only in the C 14 D spectrum (10) . Spectrum a of Figure 2B reproduces the previous result, where the positive band at 864 cm -1 (solid line) significantly reduces the intensity for the C 14 -D labeling (dotted line). The presence of the C 14 -HOOP band for SRII K can be interpreted in terms of the chromophore distortion at this moiety. The positive peak at 864 cm -1 significantly reduces the intensity for T204A, T204S, T204C, and Y174F (spectra b-e of Figure 2B ) which is the case for the C 14 -D stretching vibrations (spectra b-e of Figure 2A ). The 864 cm -1 band was preserved in T79A, but the intensity became approximately half (spectrum f of Figure 2B ). The positive band looks identical for N105D (spectrum g of Figure 2B ), although the peak intensity was slightly reduced. These spectral features for T79A and N105D were also the same as for the C 14 -D stretching vibrations (spectra f and g of Figure 2A ).
Since many HOOP and other vibrations exist in this frequency region, the spectra are not as clear as those for the C-D stretching vibrations. However, the spectral feature of the C 14 -HOOP band at 864 cm -1 is consistent with that of the C 14 -D stretching band at 2244 cm -1
. It should be noted that the C 14 -HOOP mode is located at a frequency 33 cm -1 higher than that of the 13-cis-retinal (831 cm -1 ) (22) and is closer to that of the all-trans-retinal (876 cm -1 ) (23). This indicates that the chromophore of SRII K is in an unrelaxed 13-cis configuration. C 14 -D Stretching and C 14 -HOOP Vibrations in BR-T K . BR-T activates HtrII, and the BR mutant gains light signaling activity (13) . How do the vibrations related to the C 14 atom in BR-T differ from those of wild-type BR? In this study, we incorporated C 14 D-labeled retinal into wild-type BR and BR-T, and the isotope effect was examined by measuring the difference FTIR spectra between the K and unphotolyzed states. Unlike SRII, the wild-type BR containing C 14 Dlabeled retinal exhibits no positive bands in the frequency region of C-D stretching (solid line in part a of Figure 3A) , indicating that the 2244-cm -1 band is unique for SRII. In other words, formation of the K state does not entail steric constraint around the C 14 atom in wild-type BR. In contrast, BR-T containing the C 14 -D labeled retinal shows an appearance of the band at 2250 cm -1 (solid line in part b of Figure  3A) , which is absent for the unlabeled one (dotted line in part b of Figure 3A) . The corresponding amino acid to Thr204 in SRII is Ala215 in BR, and Ala215 is replaced with threonine in BR-T (P200T/V210Y/A215T). Thus, the newly appearing C 14 -D stretch in part b of Figure 3A apparently originates from the steric constraint between the C 14 atom and Thr215 in BR-T. It should be noted that we did not examine the single A215T mutant in this study. However, the spectrum of the K intermediate in the P200T/ V210Y mutant BR is almost identical to that of wild-type BR (14) , implying that the observed C 14 -D stretch arises from direct interaction with Thr215.
Parts a and b of Figure 3B show the HOOP region of wildtype BR and BR-T, respectively. We already reported the spectra for the unlabeled retinal (solid lines in parts a and b of Figure 3B ) (14) , while the spectra for the C 14 D-labeled retinal are newly measured (dotted lines). Two peaks at 811 and 803 cm -1 in part a of Figure 3B almost disappear upon deuteration of C 14 . Therefore, wild-type BR possesses the C 14 -HOOP mode at these frequencies, which is consistent with the previous resonance Raman study (24) . In contrast, BR-T does not exhibit the bands at 811 and 803 cm -1 . Instead, a new band appeared at 861 cm -1 (part b of Figure  3B ) that is close in frequency to the C 14 -HOOP mode of wild-type SRII (part a of Figure 2B ). In fact, the band significantly reduces the intensity for the C 14 -D labeling (dotted line), indicating that the band contains the C 14 -HOOP vibration.
Thus, both C-D stretching and HOOP vibrations in BR-T are fully consistent with the observations for SRII, indicating that the K state of BR-T exhibits a steric constraint at the C 14 atom of retinal with Thr215. Therefore, BR-T was converted from the BR-type difference spectrum to the SRIItype difference spectrum by introduction of this steric constraint with the retinal chromophore (13) . It should be noted that wild-type BR possesses the C 14 -HOOP mode at 811 and 803 cm -1 (part a of Figure 3B ), but no C-D stretching vibrations (part a of Figure 3A ), indicating that the C-D stretch is more specific to the structural change of the retinal chromophore.
Phototaxis Responses of the Cells Containing Mutant SRII
Receptors. FTIR spectra show how the mutations affect early photocycle structural changes in SRII, BR, and BR-T. We measured the influence of each mutation on phototaxis responses by the motility behavior of cells containing the mutant proteins. Figure 4a shows that the SRII-HtrII complex mediated a phototaxis response evident as a transient increase in swimming reversal frequency. As we reportedpreviously,theT204A-HtrII(Figure4b),T204S-HtrII (Figure 4c) , and Y174F-HtrII (Figure 4e ) complexes did not mediate detectable responses, while the T204C-HtrII (Figure 4d ) complex mediated a phototaxis response similar to that of the wild type (12) . T79A and N105D mutants also exhibited phototaxis responses (Figure 4f,g) .
Parts h and i of Figure 4 show the results for BR and BR-T, respectively. The former is a negative control, because BR does not form a complex with HtrII. On the other hand, BR-T forms a complex with HtrII and mediates negative phototaxis. Phototaxis responses from BR-T were found to be much greater with HtrII from H. salinarum than with HtrII from N. pharaonis, possibly because of tighter or more efficient coupling (13) , and Figure 4i lines) and unlabeled (dotted lines) retinals in Figure 2A . The straight line in Figure 5a implies a linear correlation between the C 14 -D stretching amplitude and phototaxis response except for the mutants of Thr204 and BR-T. Figure 5b similarly plots the K m values of SRII and BR-T versus their C 14 -HOOP signals, where the signal of the wild-type SRII is normalized to unity. Unlike the C 14 -D stretching vibration, deuteration of the C 14 atom shows complex isotope effects, because there are multiple vibrations containing the C 14 -HOOP mode. Therefore, the x-axis of Figure 5b simply represents the subtracted amplitude of the C 14 D-labeled HOOP (dotted lines in Figures 2B and 3B ) from unlabeled (solid lines) retinals at 864 cm -1 . We observe a linear dependence except for T204C and BR-T. It should be noted that BR-T deviates from the straight line but BR-T possesses approximately half of the 13-cis form in the dark. If the low content of the all-trans form is corrected (dashed circles in Figure 5 ), positive correlations are also obtained for BR-T. These results strongly suggest that, if the steric constraint at the C 14 position is weakened, receptor phototaxis signals become smaller. Figure 5 also suggests some differences for the C 14 -D stretching (a) and C 14 -HOOP (b) vibrations. The Y174F mutant exhibits a small C 14 -D stretch (part e of Figure 2A ), but no C 14 -HOOP vibration (part e of Figure 2B ). As a consequence, the straight line in Figure 5a exhibits an offset at y ) 0, while the straight line in Figure 5b approximately crosses the origin. Such a difference may originate from the differing structural information from the C-D stretch and the HOOP vibration, though both monitor steric constraint. As noted above, the counterpart of the C 14 D (H) group is probably the side chain of Thr204, and it is likely that the C-D vibration monitors more local events. Therefore, the mutants of Thr204 may have to be excluded from the linear correlation in the C-D stretch (Figure 5a ), whereas the results for T204A and T204S are on the straight line for the HOOP vibration (Figure 5b) . T204C does not follow the correlation in Figure 5 . There are neither C 14 -D stretching nor C 14 -HOOP vibrations for T204C (Figure 2d ), but this mutant mediates normal phototaxis responses (Figure 4d) . Apparently, the light-signal transduction in T204C does not need the steric constraint of the C 14 atom of retinal. One possibility is that a similar steric constraint in T204C is already relaxed at 77 K, and lower temperatures would be required to observe C 14 -D stretching or C 14 -HOOP vibrations for T204C. Another possibility is that T204C, but not T204A or T204S, mimics the structure near position 204 found in the wild type after isomerization of the retinal and after the steric constraint is resolved. In other words, T204C may exhibit the local structure characteristic of the photoactivated state. However, the FTIR spectra at 77 K are otherwise similar between the wild type and T204C ( Figure S1 ), suggesting the formation of the normal K state for T204C. Therefore, the intramolecular signal transduction mechanism of T204C is unclear at present.
In summary, the C 14 -D stretching and C 14 -HOOP bands are positively correlated with the phototaxis response in the presence of Thr204, the counterpart of the C 14 group. Since their time scales are widely separated (10 -12 s vs 10 -1 s), we infer that the light-energy storage in the steric constraint at the retinal C 14 group is a prerequisite for protein structural changes for the activation of HtrII, leading eventually to the function, phototaxis. Each mutation at Tyr174, Thr79, and Asn105 apparently weakens the chromophore-protein interaction, thereby reducing the phototaxis response. In other words, effects of mutation on the function may be explained in terms of light-energy storage in the steric constraint.
DISCUSSION
C 14 -D Stretching and C 14 -HOOP Vibrations in the K Intermediate. This study supports the notion that the enhanced C 14 -D stretching vibration at 2244 cm -1 in SRII K originates from the interaction between the C 14 D group of the chromophore and Thr204 (Figure 2A) . The enhanced C-D stretch must result from an enlarged dipole moment of the vibration, and we identify the local steric constraint between the C 14 D group and the side chain of Thr204 as the origin of the strong electric polarization. It should be noted that direct steric conflict may not occur, but rather a strong interaction between the C 14 D group and Thr204 may directly cause such electric polarization of the C 14 D group. While the mechanism of the enlarged dipole must be examined theoretically, the positive correlation between the C 14 -D stretching amplitude and phototaxis responses (Figure 5a ) strongly suggests that the enhanced C 14 -D stretching vibration is functionally important.
Steric constraint between the C 14 D group of the chromophore and Thr204 is also supported by the analysis of the C 14 -HOOP vibration at 864 cm . The C 14 -HOOP signals similarly diminished in the T204 mutants as well as Y174F ( Figure 2B ). We also observed a positive correlation of the C 14 -HOOP amplitude with the phototaxis response (Figure 5b ). Thus, both C 14 -D stretch and C 14 -HOOP vibrations imply that the chromophore-protein interaction at the C 14 position may be critical for protein function. Despite the common information gained from the vibrational analysis of the C 14 -D stretching and C 14 -HOOP vibrations, they are not necessarily identical. Previous study showed that the band at 864 cm -1 also contains a C 12 -HOOP vibration, because the amplitude is considerably reduced for C 12 Dlabeled retinal (10) . Thus, the band at 864 cm -1 originates from the coupled HOOP vibrations of C 14 and C 12 atoms, while the C 14 -HOOP vibration is predominant. On the other hand, the C-D stretching vibration is specific to the C 14 group (9), implying that the C-D stretch provides structural information about the direct contact of deuterium (hydrogen) with surrounding atoms.
Mechanism of Light-Energy Storage and Signal Transduction.
Our results argue that steric constraint at the retinal C 14 group is likely a prerequisite for protein structural changes for the activation of HtrII, leading eventually to the function, phototaxis. Figure 6 schematically illustrates a possible intramolecular and intermolecular signal relay pathway based on the SRII-HtrII complex structure. In this model, retinal isomerization causes the steric conflict at the retinal C 14 group with the side chain of Thr204, which strongly perturbs the hydrogen bonds of Thr204 with the phenol oxygen of Tyr174 and the peptide backbone of Leu200 ( Figure 6 ). Such structural perturbation is relayed into the intermolecular hydrogen bond between Tyr199 of SRII and Asn74 of HtrII and/or nearby van der Waals contact regions (15, 25) . The correlation in Figure 5 strongly suggests that the energy storage in the early intermediate is a prerequisite for the subsequent functional process.
With regard to the mechanism of light-energy storage, recent findings on the proton-pumping rhodopsins should be considered. Low-temperature FTIR studies showed a strong correlation between the presence of strongly hydrogenbonded water molecule(s) and the proton pumping activity of rhodopsins (26) . For example, strongly hydrogen-bonded water molecules are observed for BR (27) , SRII (19) , proteorhodopsin (28) , Leptosphaeria rhodopsin (29) , and azide-bound halorhodopsin (30) , which all pump protons. Strongly hydrogen-bonded water molecules were not observed for salinarum halorhodopsin (31), pharaonis halorhodopsin (32), Anabaena sensory rhodopsin (33), Neurospora rhodopsin (34), or bovine rhodopsin (35) , which have no proton pumping activity. Cl --pumping BR_D85S has no strongly hydrogen-bonded water molecules (36) , but protonpumping BR_D212N(Cl -) has strongly hydrogen-bonded water molecules (37) . These results were interpreted in terms of the proposal that the presence of a strong hydrogen bond of water is a prerequisite for proton pumping in rhodopsins (26) . It is likely that destabilization of a water-containing hydrogen-bonding network plays an important role in lightenergy storage in this case.
It should be noted that SRII (19) and the SRII-HtrII complex (38) both possess strongly hydrogen-bonded water molecules, whereas the latter does not pump protons but functions in light-signal transduction. Phylogenetic analysis suggests that rhodopsin photosensors like SRI and SRII evolved from light-driven proton pumps (39) . Therefore, sensory rhodopsins can be considered pumps that have gained a mechanism for activating transducer proteins. This study indicates that photoisomerization-induced steric constraint between the C 14 H group of the retinal chromophore and Thr204 in SRII is one such mechanism.
The light-energy storage capacity of microbial rhodopsins is smaller than that in bovine rhodopsin (3). Low-temperature photocalorimetric studies reported the energy stored in the primary intermediates is 35 and 16 kcal/mol for bovine rhodopsin (40) and BR (41) , respectively. This indicates that only 30% of the light energy is stored in the structure of BR K , which is approximately half of that in visual rhodopsin (60%). The loss of 70% of the light energy in the formation of BR K does not compromise BR function, since proton pumping by BR is a quantal process; i.e., BR pumps a single proton by use of one photon, and the free energy gain by pumping a proton is 6 kcal/mol (2, 3) . The presence of strongly hydrogen-bonded water molecule in the protonpumping rhodopsins suggests that hydrogen bonding stabilization of a water molecule and its destabilization in the K state is crucial for the pumping function. In fact, previous QM/MM calculations of BR and BR K estimated the hydrogen bonding destabilization to be 11 kcal/mol (70%) of the total energy storage of 16 kcal/mol (42, 43) . On the other hand, opto-acoustic spectroscopy revealed that the enthalpy change upon formation of SRII K (21 kcal/mol) is larger than that for BR K (13 kcal/mol in this study) (44, 45) . Thus, it is likely that the steric constraint at the C 14 atom of retinal contributes to additional energy storage, acquired during the evolution of SRII from a BR-like pump, by the introduction of Thr204. This inference is supported by the fact that BR-T activates HtrII, demonstrating that BR and SRII share their fundamental mechanisms of phototransduction (13) .
SUPPORTING INFORMATION AVAILABLE
SRII K minus SRII difference FTIR spectra of the wild type, T204A, T204S, T204C, Y174F, T79A, and N105D and BR K minus BR difference FTIR spectra of the wild type and BR-T in the 1790-810 cm -1 region, where the chromophore molecule is the unlabeled and C 14 D-labeled retinal ( Figure  S1 ). This material is available free of charge via the Internet at http://pubs.acs.org. FIGURE 6 : Schematic drawing of the primary step in the light-signal transduction in SRII (PDB entry 1H2S). Retinal photoisomerization causes the steric constraint between the C 14 H group and Thr204, by which the C 14 -D stretching vibration is enhanced. Light energy stored by the steric constraint is used for changing the protein structures, including the protein-protein interaction surface with HtrII.
